Background/Objectives: Fetal life may be a critical period for the development and/or programming of metabolic systems, including the skeleton. However, it is unclear on the association between maternal nutrition during pregnancy and bone mass in their offspring at adolescence. Subjects/Methods: This was a birth cohort study of 216 adolescents (16.2 ± 0.4 years). Dietary intake was measured by food frequency questionnaire. Bone densitometry was measured at the femoral neck, lumbar spine and total body by DXA. Results: After adjustment for confounders, bone mineral density (BMD) of the femoral neck was positively associated with magnesium density and negatively associated with fat density (all P-values o0.05). BMD of the lumbar spine was positively associated with calcium, magnesium and phosphorus density and negatively associated with fat density (all P-values o0.05). Maternal milk intake was significantly positively associated with lumbar spine BMD. After considering all significant nutrients in the same model, fat density remained significant negatively for the femoral neck and lumbar spine, whereas magnesium density remained significant positively for the femoral neck. No nutrient was significant for the total body. Conclusions: Maternal intake of milk, fat and magnesium during the third trimester of pregnancy is predictive of BMD at age 16, suggesting that in utero diet influences peak bone mass possibly through programming bone responses.
Introduction
Fractures are a major public health problem. Peak bone mass is a major contributor to fracture risk in later life (Heaney et al., 2000) . Peak bone mass is determined by genetic factors, physical activity, vitamin D and calcium. Maternal diet during pregnancy may also have an effect possibly by programming bone responses. In an exploratory analysis, we reported a substantial association between in utero diet, especially phosphorus and fat intake, and bone mass in their children at age 8 (Jones et al., 2000) . Maternal vitamin D status and intake of nutrients such as protein, fat, calcium, phosphorus, magnesium, potassium and folate in pregnancy have been shown to predict height, bone mineral content (BMC), bone area and areal bone mineral density (BMD) in prepubertal children (Jones et al., 2000; Tobias et al., 2005; Ganpule et al., 2006; Javaid et al., 2006) . To date, studies have followed children up to age 6-9 but not through puberty, so it is unclear if these associations are short or long term.
The aim of this study, therefore, was to use a birth cohort study to describe the association between maternal dietary intake in the third trimester of pregnancy and bone mass in their male and female offspring at age 16.
Materials and methods
The subjects were part of an original cohort of individuals enrolled in 1988-1989 as part of an investigation of sudden infant death syndrome by previously published criteria (Dwyer et al., 1991; Jones et al., 2000) . Tasmania is an island state of Australia, and 99% residents were Caucasian. In 1988 and 1989 , 1500 infants were born in Southern Tasmania, who met these criteria and were eligible to join the study. Of these subjects, mothers of 1435 infants (96%) agreed to an in-hospital interview and 1127 (75%) filled in a food frequency questionnaire (FFQ). Children were traced and asked to participate in a study on bone mass in 2004-2005 when they were 16 years old.
Nutritional assessment
Maternal dietary intake during the third trimester of pregnancy was measured with a self-administered FFQ (Baghurst and Record, 1984) applied shortly after birth with two very similar FFQs (PFFQ contained 151 food categories and AFFQ contained 179 food categories) being used. Both questionnaires included standard serve sizes, however to be more appropriate for children, the serve sizes given in the PFFQ were occasionally smaller than those in the AFFQ. The PFFQ was used until October of 1988 and then adult serving sizes after that time (Jones et al., 2000) . All analyses were adjusted for type of FFQ. Mean daily energy and nutrient intake was estimated from each questionnaire using nutrient data from the Australian Tables of Food Composition  ( NHMRC, 1991) . Multiple-birth children, subjects who gave multiple answers in a food category, who omitted pages of the questionnaire or who reported consuming from only 15 of the food categories or less were determined to have inadequately completed the questionnaire and were excluded from this study.
DXA scans
Bone density was measured at the femoral neck, lumbar spine and total body with a Hologic Delphi densitometer on array setting (Hologic, Waltham, MA, USA). Bone mass was examined as BMD. Precision estimates in vivo are not available in children, but are 1-2% in adults. The longitudinal coefficient of variation for our instrument during 2004 and 2005 using daily measurements of a spine phantom was 0.5%.
Other study factors
Weight was measured to the nearest 0.1 kg (with shoes, socks and bulky clothing removed). Height was measured to the nearest 0.1 cm (with shoes and socks removed) using a stadiometer. Mother's smoking status during pregnancy, parents' educational level and unemployment status and period of children's breast-feeding were measured by questionnaire in [1988] [1989] . Tanner stage of adolescents at age 16 was measured by showing the participants Tanners Photographs, which illustrated the five stages of pubertal development, and asking them to choose the drawing closest to their stage of development. This approach has a high correlation with actual examination of 0.63 for boys and 0.81 for girls (Morris and Udry, 1980) . Physical activity was retrospectively assessed in the year before study entry using a questionnaire validated in US adolescents (Aaron et al., 1995) , which was modified after piloting to include popular Australian sports. The test-retest Spearman correlation of overall leisure physical activity in hours per week over the last year was found to be 0.66. This questionnaire has demonstrated predictive validity in our study (Ma and Jones, 2003) . Information on sunlight exposure and sport participation was also collected (Jones and Dwyer, 1998) . At age 16, dietary intake was investigated with the Anti-Cancer Council of Victoria FFQ (Hodge et al., 2000; Ambrosini et al., 2003) , which contained 121 food items. Adolescents who gave multiple answers in a food category, who omitted questions of the questionnaire or who reported portion size factor that based on only two foods or less were excluded from this study.
Statistical methods
Due to the high-energy intake from the pregnancy FFQ, dietary variables were converted to nutrient density or food density by dividing estimated daily nutrient intake or food intake by estimated total daily energy intake. We also did analysis with models of energy-adjusted nutrient intakes (Willett et al., 1997) . t-Tests and Mann-Whitney U-test were used to compare means between groups. The association between diet and bone mass at those three sites were assessed with linear regression analysis for both univariate and multivariate models adjusted for potential confounders (sex, weight at age 16, sunlight exposure in winter, sports participation, current calcium intake, Tanner stage at age 16, ever breast-fed, smoking during pregnancy, maternal age at the time of childbirth) and the different dietary instruments. Variables were then split into tertiles. If the associations were not linear, the tertiles were split into two groups for the multivariate models. Any nutrient variable with a P-value o0.05 was included in a regression model with other potential factors. A P-value o0.05 (two-tailed) was regarded as statistically significant.
Statistical analyses were performed on SAS 9.1 for Windows (Cary, NC, USA).
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Results
A total of 415 children were followed from birth to age 16. Of these, 330 infants had dietary assessment in the original study. Of these subjects, 47 infants were of multiple-birth origin, 53 had FFQs that were considered unreliable and another 14 were missing one or more measurements of confounders, leaving 216 subjects for the current analysis. Table 1 shows the results comparing characteristics of the subjects and their parents for those included and excluded. Subjects included had higher birth weight, proportion of males, breast-feeding and paternal unemployment (all P-values o0.05). However, there were no significant differences in other explanatory variables or BMD.
Nutrient intake during the third trimester of pregnancy is described in Table 2 . Intakes of energy, protein, fat, carbohydrate and calcium in current subjects were higher than Australian pregnant women in 1996 (Hure et al., 2008) . Nutrient intakes of protein, calcium, magnesium and phosphorus in subjects were higher than the Australian nutrient reference value in 2005 (Australia government, 2005). There was no significant difference in maternal nutrient intakes during the third trimester of pregnancy between boys and girls.
During the third trimester of pregnancy, maternal nutrient intake of energy (13 264 ± 4599 kJ per day), protein (128 ± 45 g per day), fat (135 ± 55 g per day), carbohydrate (375±139 g per day), calcium (1677±841 mg per day), magnesium (429 ± 149 mg per day) and phosphorus (2314 ± 898 mg per day) was calculated. There was no significant difference in maternal nutrient intakes during the third trimester of pregnancy between boys and girls. Table 3 documents the associations between maternal nutrient intake in the third trimester of pregnancy and BMC and BMD in 16-year-old adolescents. Before adjustment, BMD of the femoral neck was positively associated with magnesium density (Po0.05). BMD of the lumbar spine was positively associated with calcium and magnesium density (all P-values o0.05). No nutrients were found to be associated with total body BMD in either univariate or multivariate analysis (data not shown).
After adjustment for potential confounding factors, BMD of the femoral neck was associated with fat density only, whereas BMD of the lumbar spine was associated with fat, calcium and magnesium density (all P-values o0.05). For tertile-based analysis, femoral neck BMD was associated with tertiles of fat and magnesium density (Figure 1 ), whereas lumbar spine BMD was associated with tertiles of magnesium and phosphorus density (Figure 2 ). After forcing nutrient variables with a P-value o0.05 into a regression model, fat density remained negatively associated with BMD of both the femoral neck and lumbar spine, and magnesium density remained positively associated with BMD of the femoral neck, whereas protein, calcium and phosphorus density were no longer associated with BMD (Table 4 ). An adolescent in the lower intake density of fat density and highest tertile of magnesium had BMD 2.2% higher at the femoral neck, whereas an adolescent in the lower intake density of fat density and higher intake density of calcium, phosphorus and magnesium had BMD 3.8% higher at the lumbar spine. The energy-adjusted analysis of nutrient intakes and BMD achieved identical statistically significant results (data not shown).
In the same way, we analyzed the association between BMD at three sites in 16-year-old adolescents and maternal food intake density during pregnancy, such as meat, fish, milk, vegetable and fruit. Before adjustment, BMD at all three sites was not associated with any food intake. After adjustment, BMD at lumbar spine was positively associated with maternal milk intake density only (Table 5) .
Discussion
This is the first prospective study on the association between in utero diet and bone mass of the offspring at age 16. The Diet during pregnancy and bone mass at age 16 J Yin et al results of this study confirm and extend previous reports in prepubertal children and provide evidence in a wellnourished population that milk, fat and magnesium intake during pregnancy can independently influence bone mass for at least 16 years thus are likely to impact on peak bone mass. Given the very small amount of bone laid down during pregnancy, this association most likely reflects early programming of later bone responses. In this study, maternal fat density was negatively associated with BMD at femoral neck and lumbar spine consistent with our previous study where it was significant for lumbar spine only (Jones et al., 2000) . The association is consistent with animal studies where high-fat diets could adversely affect bone by decreasing intestinal calcium absorption (Wohl et al., 1998) with a consequent adverse effect on bone mineralization in growing rats (Zernicke et al., 1995) . Studies in adults are also consistent with an American national survey reporting that dietary saturated fat intake was inversely associated with bone density in humans (Corwin et al., 2006) . However, Tobias et al. (2005) also reported the association between maternal fat intake and bone mass of 9-year-old children, but did not find maternal fat intake was related to total body BMC and BMD of their children. The reasons for these discrepancies are uncertain but may reflect different populations or measurement techniques.
In this study, maternal magnesium density was positively associated with BMD at femoral neck of 16-year-old adolescents, which is partially consistent with our previous report where it had strong associations in adjusted analysis that did not persist after adjusting for other dietary factors (Jones et al., 2000) . Similarly, Tobias et al. (2005) reported that maternal magnesium intake was positively related to total body BMC and BMD of 9-year-old children, whereas some studies found that higher intakes of magnesium was significantly related to higher BMD in white women and men (New et al., 1997 (New et al., , 2000 Tucker et al., 1999; Ryder et al., 2005) .
Although the precise mechanism of maternal magnesium intake affecting bone health of offspring is currently unclear, it might be involved in changes of fetal calcium homeostasis and calciotropic hormones (Fatemi et al., 1991) . Because magnesium is known to compete with calcium for binding to the calcium sensing receptor, leading to a reduction in parathyroid hormone secretion, increased maternal magnesium intake has the potential to lower maternal serum calcium concentration (McLarnon and Riccardi, 2002) . Another possible explanation is that magnesium intake is also positively associated with birth weight (Makrides and Crowther, 1999) . However, adjustment for body size and/or birth weight did not alter our findings.
Maternal milk intake density during pregnancy was positively associated with BMD of 16-year-old adolescents in this study, which is again consistent with our previous report (Jones et al., 2000) . Milk contains many potentially growth-promoting factors and is associated with higher birth weight for gestational age (Olsen et al., 2007) . Furthermore, a study in a group of pregnant African-American adolescents found that nutrition was significantly related to fetal femur growth during pregnancy, such that dairy intakes of o2 servings per day were associated with lower fetal bone development than were greater intakes of dairy (Chang et al., 2003) . It is worth noting that our results were adjusted for height and weight so this association is not because the adolescents were larger.
Phosphorus density was associated with BMD of 8-year-old children but not of 16 year olds, whereas calcium density was not associated with bone health in either 8-or 16-year-old children. Tobias et al. (2005) found that maternal phosphorus intake was positively related to total body BMC and BMD of 9-year-old children but there are no other reports in adolescent children. It may be that phosphorus has a shortterm effect rather than a long-term effect.
This study has a number of potential limitations. Although all subjects in this study were of 16 years, some were in Tanner stage 4 and some in stage 5. However, adjustment or stratification by Tanner stage did not change the results (data not shown). Furthermore, although the samples overlapped considerably, the subjects were not exactly the same at age 8 and 16, meaning we can only indirectly compare associations at those two time points. In this study, maternal nutrients intake of protein, calcium, magnesium Diet during pregnancy and bone mass at age 16 J Yin et al and phosphorus in subjects was very high, and much greater than in Australian pregnant women (Hure et al., 2008) and Australia recommended intakes (Australia government, 2005) . We dealt with this by adjustment for energy with nutrient or food density in regression models that can reduce the effect of measurement error by reducing the variation in the population (Day et al., 2004) .
We also did the analysis with energy-adjusted nutrient intakes and the results were totally concordant with nutrient density.
Subjects excluded from this study for inadequate information had lower birth weight, proportion of males, breastfeeding and paternal unemployment than those included. However, adjusting for these factors did not change associations. Furthermore, Miettinen (1985) states that for exposure outcome associations to be generalizable to other populations, three key criteria need to be met regarding definition of eligibility, sample size and adequate distribution of study factors all of which are met by this study. This suggests the potential for generalizability to other well-nourished Table 3 .
Lumbar spine BMD (g/cm 2 ) Table 3 .
Diet during pregnancy and bone mass at age 16 J Yin et al Caucasian populations. Finally, there are other nutrients we could have examined but we chose to confine ourselves to those suggested by our initial paper so that statistical testing was hypothesis driven.
In conclusion, maternal nutrient intake, especially milk, fat and magnesium during the third trimester of pregnancy, is predictive of BMD at age 16, suggesting that in utero diet influences peak bone mass possibly through programming bone responses. 
